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Combined Puncture and Cutting of Soft-Coated Fabrics by a Pointed Blade:

Energy, Force, and Stress Failure Criteria

Abstract

Soft-coated fabrics are widely used in engineering and protective applications. Puncture
cutting by sharp-tipped objects is one of the most common failure modes of protective
gloves made of coated fabrics. In order to investigate the puncture-cutting process of soft-
coated fabrics, we studied the mechanisms and mechanics of pointed-blade insertion into
specimens cut out from four protective gloves. Experimental and analytical analyses
showed that total energy and critical puncture-cutting force calculated analytically are both
able to predict the puncture-cutting resistance of soft-coated fabrics measured
experimentally. Total energy is obtained from the relationship between the puncture-
cutting work and the created fracture area, while critical force is given by two analytical
models developed in work with soft elastomeric membranes. The components of the
critical puncture-cutting force are predicted analytically and then used to calculate the
compressive and shear loading stress components based on the contact surface between the
pointed blade tip and material. Since there is a linear relationship between the compressive
stress component and shear stress component, a modified linear strength criterion is
proposed for puncture cutting of soft-coated fabrics by a pointed blade. Our stress-based
criterion connects the shear strength (in the 45° direction) and biaxial strengths (in the
course direction, 0°, and wale direction, 90°) to both compressive and shear loading
stresses. The analytical and experimental results are consistent. This investigation can be
used as a guideline to evaluate the puncture cutting of soft-coated fabrics using an energy-
based criterion, critical force-based criterion or stress-based criterion.

Keywords: puncture cutting, soft-coated fabrics, failure, criterion, stress
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1. Introduction

Soft-coated fabrics consist of two different materials: (1) strong, tough, stiff fabrics with
high elastic modulus and (2) synthetic elastomers. A good combination of two such
materials has properties not available in a single material [1]. Soft-coated fabrics are widely
used in protective equipment, such as protective gloves. The common architecture of
protective gloves usually consists of a knitted fabric coated with a soft elastomeric material.
The combination of stiff and soft materials results in very strong, very tough composite
materials [2].

Workers in occupations such as metalworking, food processing and industrial papermaking
commonly wear protective gloves of this kind, as they are exposed to various cut and
puncture hazards. Failure of soft-coated fabric caused by an indenter or blade has not much
been investigated. Some researchers have tested the puncture resistance of coated fabrics
using a rounded probe [3,4] or a flat-tipped cylindrical probe [5]. Specific puncture
mechanisms such as fiber stretching, breaking and delamination have been considered the
main contributors to the puncture of an uncoated material by a rounded probe [6], but
Hassim et al. showed that all these mechanisms become insignificant in the puncturing of
coated fabrics, due to the effect of the coating layer. Furthermore, they showed that the
coating layer restricts the deformation of the specimen. They observed a circular
deformation on the front face of the specimen, but only a small deformation on the back
face. Although there is very little information in the literature on the puncture and cutting
mechanics of soft-coated fabrics, the failure mechanisms and mechanics of fabrics in
general have been widely investigated [6,7]. In the quasi-static puncture of high-strength

polyester yarns, the indenter experiences yarn slippage during penetration due to the
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contact pressure [6], whereas the slice-push cutting of woven and knitted fabrics by a blade
shows that two types of friction control the critical cutting force: a macroscopic friction on
both sides of the blade and a sliding friction on the cutting edge of the blade [7]. Vu Thi et
al. applied the same cutting mechanics to fabric materials and elastomeric membranes to
investigate the force state. They showed that the critical cutting force is a result of the
pushing force and the slice friction force exerted by the cutting edge of the blade. In this
case, the critical force was related to the local effective shear strength of the interface.

To our knowledge, no analytical study has considered the puncture-cutting mechanisms
that occur during the insertion of an indenter into soft-coated fabrics. However, in an effort
to better understand this combined pushing and shear loading, recent studies have focused
on modeling the puncture and/or cutting of soft isotropic solids. The failure behavior of
isotropic material has been determined in terms of critical force [8,9,10], energy [11] or
stress [12,13,14]. Triki and Gauvin showed that the combined puncture and cutting of soft
elastomeric membranes by a pointed blade results from a combined loading of the
compressive stress component (o) and the shear stress component (z) at the cut edge of the
material [14]. They described the relationship between ¢ and 7 using a linear stress-based
criterion to predict the failure strength corresponding to pointed-blade insertion into soft
isotropic membranes (neoprene rubber) [14]. On the other hand, in the case of orthotropic
materials, such as soft-coated fabrics, subjected to complex loading, many classical
strength criteria, including the Yingying criterion [2], Tsai-Hill criterion [15,16], Yeh-
Stratton criterion [17], Hashin criterion [18] and Norris criterion [19], have been used to
predict the tensile strength of materials. All these criteria are always composed of applied

stresses, shear strength and tensile strength along the principal axes of the fabric structure.
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Furthermore, the tearing of soft-coated fabrics was also modeled by Triki et al. [20], who
proposed an energetic approach based on the Griffith theory [21].

The main objective of the work described here was to model the combined puncture cutting
of soft-coated fabrics with a view to proposing a fracture criterion. We extended our
analytical analysis of puncture cutting of soft isotropic materials in [14] to soft orthotropic
materials, evaluating puncture-cutting resistance through force measurement and energy
calculation. Uniaxial tensile tests were carried out, as well, to measure the mechanical
properties of materials that could be involved during puncture-cutting tests. Then, we
modeled the critical puncture-cutting force using the stress state analysis that had been
developed for pointed-blade insertion into soft elastomeric materials. Finally, we came up
with a stress-based criterion derived from our experimental results.

2. Force state corresponding to pointed-blade insertion into soft-coated fabrics

In our recent paper on the puncture cutting of soft elastomeric membranes by a pointed
blade [14], we analyzed the force field at the cut edge of the material (Figure 1). In that
case, the force state at the cut edge is a combined loading of pushing and shear forces, and
the material failure always occurs as the result of two applied forces: the pushing force

component (Fp) in the z-direction (e;) and the shear force component (Fc) in the x-direction

(&)
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Figure 1. Combined puncture-cutting test: Force state analysis and relationship between
puncture and cutting force components.

Furthermore, stress state analysis makes it possible to define the stresses involved in the
pointed-blade insertion into the elastomeric membrane. Building on the work of Deibel et
al. [9], Triki and Gauvin have shown that the stress state is governed by contact pressure
(p) from the pointed blade in the normal direction of the created fracture surface [14].

Hence, both force components, Fp and Fc, have been expressed as
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where A is the created fracture area; uy is the vertical depth penetration and un is the
horizontal cutting length; ci, cii and ciy are fitting parameters; W is the friction coefficient
in the cutting edge;  is the puncture-cut ratio ({ = tana); L is the contact length; t is the
material thickness; v is the Poisson’s ratio; and Kc is the critical stress intensity factor that

can also be given as
K. =+EG¢ (4)
where E is the Young’s modulus and Gc is the fracture toughness of the material.

To estimate the pressure, p, Deibel et al. [9] found that the three stress intensity factors

could be calculated as

K, =¢,pVL (5)

K, :CIITyz\/E (6)

K =Cyy Ty E (7)
t
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where K, Kij and Ky are the stress intensity factors and zyx and zy; are the shear stresses

acting at the cut edge of material [14].

As shown in Figure 1, the critical puncture-cutting force, Fpic, was predicted from the

above force components as

FP/C =4 F|32 +F02 (8)

Moreover, using an energy-based approach, Triki and Gauvin also predicted, in [14], the

value of Fp/c as

GTotalt

Fore =5 w7 9
o] (©)

where Grotal IS the total puncture-cutting energy applied by a pointed blade.

In order to further examine the rationale behind our two models (Egs. (8) and (9)) and to
achieve an overall understanding of the main role of the pushing and shear forces, we
extended these two models to the puncture cutting of soft-coated fabrics. To this end, we
performed experimental tests on soft-coated fabrics and measured the total puncture-

cutting energy using Poisson’s ratio and Young’s modulus as required in Eq. (3).

3. Material and experimental tests

3.1. Material

Four commercially available protective gloves made of a knitted fabric with rubber-dipped
palms were used. The coating material and fabric construction are listed in Table 1. The

specimens for the mechanical tests were cut out from the palms of the gloves.
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Table 1. Material composition and fabric construction of protective gloves studied.

Materials
t (mm)
Protective gloves Coating Liner
A: HyFlex® 11-900
OO
45 Nitrile rubber Knitted nylon 1
\Il o
Neoprene foam rubber Knitted Kevlar® 1.3
Knitted Kevlar®,
Neoprene rubber and
nylon, polyester and 1.1
nitrile rubber
spandex
D: Superior Glove
S13SXPU
Polyurethane rubber Knitted Dyneema® 1.3
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3.2. Combined puncture-cutting test

The materials’ puncture-cutting performance was measured by driving a pointed blade into
the specimens. Each specimen was positioned on a soft neoprene rubber support (25 mm
thick and 42 Shore A) coated with a silver/silver chloride layer (Ag/AgCl ink, Sigma-
Aldrich, U.S.A.) as a conductive substrate (Figure 2a). A pointed blade was fixed to the
crosshead of a universal testing machine (ADMET Inc., Norwood, MA) equipped with a
25 Ib load cell. The puncture-cutting test consists in lowering the pointed blade into the
specimen at a crosshead speed of 30 mm/min. Pointed blade displacement and force were
recorded (Figure 2b). The conductive layer of Ag/AgCl was coupled with the blade to close
an open circuit that detects the full penetration of the blade through the specimen, which
occurs as soon as the blade tip comes into contact with the Ag/AgCl layer. The critical
puncture-cutting force required to puncture and cut a soft-coated fabric corresponds to the
force measured at the full penetration of the pointed blade. The critical force and total
puncture-cutting work (Urotar) Were obtained for three specimens (i.e., three replicates) of
each glove material punctured by a pointed blade at various cutting-edge angles (20° < a <
80°). The fracture surface area (A) was estimated from the inserted part of the pointed blade
shape at full penetration and is given as

A = t*2tana (10)
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Figure 2. (a) Experimental setup of puncture-cutting test and (b) puncture-cutting force

vs. pointed-blade displacement curve for soft-coated fabric specimen.

3.3. Uniaxial tensile test

Uniaxial tests were carried out to measure the material’s tensile strength and Young’s
modulus. Specimens measuring 200 mm x 25 mm were cut out from the palms of
protective gloves in three off-axial directions: the wale direction (y = 90°), course direction
(w = 0°) and shear direction (y = 45°) (see Table 1). The specimens were clamped in the
opposing clamping jaws of an MTS-Alliance tensile machine equipped with an automated
data acquisition system (Figure 3a) and the two ends were pulled apart at a constant
crosshead speed of 500 mm/min until the specimen ruptured. For each direction, three

specimens were tested, and the strain-stress curve was recorded (Figure 3b).
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Figure 3. Uniaxial tensile test: (a) Dimension of tensile test specimen and (b) typical curves

of stress vs. strain obtained in three directions.

3.4. Poisson’s ratio test

In order to measure the Poisson’s ratio, three rectangles (ABCD, CDEF and ABEF) were

selected in the 200 mm x 25 mm specimen, which was loaded at 500 mm/min in uniaxial

stress (Figure 4a). Many digital photos of the loaded specimen were recorded at successive

strain values. The photos were then imported into ImagJ to estimate the displacement in

length (Al) and width (Ab) of all three rectangles (Figure 4b). Extension (&i) and contraction

(si) were calculated at various steps of deformation, i = 5%, 10%, 50%, 100%, etc., using

Egs. (11) and (12), respectively.

& =A—Ii.100%
I0
S, =Ab—b‘.100%

0
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190  The average of the transverse strains (s;), corresponding to the contraction of AB, CD

191  and EF, and axial strains ( &; ), corresponding to the extension of AC, CE and AE, were

192  used to obtain the Poisson’s ratio of the coated fabric at a deformation i as

193 Vv, =—— (13)
i
194 25 mm
“—> () (b)
A
195 a A B
3 I
T @ ]
- Al
Dépit institutionnel AE
197 s
€ Cc_ D
198 § Av B AbAB
E FE
199 Tested area C D
500 E F EL_IF
v .
201 Gripped area

202  Figure 4. Uniaxial tensile test of coated fabric: (a) Undeformed specimen and b) axial

203  displacement (Al) and lateral displacement (Ab) of tested specimen.

204 4. Results and discussion

205  4.1. Puncture-cutting mechanisms of soft-coated fabrics

206  To understand the failure of soft-coated fabrics caused by a pointed blade (Figures 5a and
207 b), it was necessary to investigate the force-pointed blade displacement curves obtained
208  from the three replicates (Figure 5¢). As loading begins, a small material deformation is
209  enough to initiate crack nucleation, due to the blade’s acute tip and its cutting edge
210  (Figure 5b). As shown in Figure 5c, the nucleation process required a small applied force

211 (£0.5N). The material shows low elastic deformation resistance. Once the pointed blade
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229

smoothly penetrates the specimen (Figures 5d and ), the applied force gradually increases
until it reaches a maximum value, the critical puncture-cutting force, Fpic (Figure 5b). Fpic
corresponds to the full penetration of the pointed blade into the specimen. Furthermore,
during the pointed-blade insertion, the elastic deformation resistance of the material is
found to increase remarkably. This trend could be associated with the friction between the
pointed blade and material, which does not happen during crack nucleation. In the linear
part of these curves, the measured force is therefore a result of fracture and friction
mechanisms. Triki et al. found that the puncture-cutting energy of soft elastomeric
membranes by a pointed blade includes a friction contribution of over 60% [22]. At the
critical puncture-cutting force, the material deformation reaches a maximum value and the
pointed blade penetrates all the way through the specimen. Deep penetration by the pointed
blade involves a radial expansion of the material, which is highly dependent on the cutting-
edge angle («) (Figures 5e and f). Insertion of a pointed blade having a small a gives rise
to high radial material deformation. The curves given as an example in Figure 5¢ show that
the pointed blade penetrates the soft-coated fabric smoothly and gradually, and that
behavior of the material is uniform until full penetration by the pointed blade is achieved.
It thus appears that the knitted fabric on the underside of the specimen does not contribute

to the puncture-cutting process.
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Figure 5. Puncture-cutting test of soft-coated fabric by pointed blade: (a) Unpunctured
specimen, (b) crack nucleation step, (c) force-blade displacement curve recorded during

insertion process for three replicates, and (d), (e) and (f) typical penetration steps.

4.2. Energy-based approach of combined puncture and cutting test
In this section, total puncture-cutting energy, Grotwal, Was calculated using a procedure

outlined in our previous articles [11,14]. According to this procedure, Grotal iS given by

aU Total AU Total

~
~

oA AA

(14)

GTotal ==

@t 14
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where 4 Urotal IS the change in the total puncture-cutting work corresponding to the change
in fracture surface area, 44, which was measured for each o as detailed in [14].

The puncture-cutting tests on the four protective gloves were carried out for various
cutting-edge angles. Figure 6 displays the variation of Utota as a function of the created
surface of the puncture-cutting crack area (A) for the four protective gloves. For each glove,
the puncture-cutting work appears to be linearly proportional to the fracture surface area.
This linearity indicates that the proposed total puncture-cutting energy defined by Eq. (14)
seems to be valid for those composite materials. Grotal i given by the slope of the regression
line in Figure 6. It is important to note that the coefficient of variation in all experimental

tests (puncture cutting and tensile tests) was less than 9%.
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Figure 6. Variation of puncture-cutting work (Urotar) as a function of crack surface area (A)
for (a) HyFlex® 11-900, (b) 80-813 PowerFlex, (c) ActivArmr® 97-100 and (d) Superior
Glove S13SXPU.

4.3. Uniaxial and biaxial test results

Uniaxial tensile tests were conducted to measure the mechanical properties of soft-coated
fabrics and then predict the biaxial tensile properties that may be involved during the
insertion of a pointed-blade, such as tensile strength in the wale and course directions. After
that, the values of these properties were used as described in section 4.4 to predict puncture-

cutting behavior.

The values obtained for uniaxial tensile strength (ou), shear strength (S) and Young’s
modulus (E) are presented in Table 2. It can be seen in Figure 3b that E is almost the same
for the three loading directions (0°, 45° and 90°).

Table 2. Values of tensile and shear strengths (ou and S) and Young’s modulus (E) of

four protective gloves in three off-axial directions.

264
Protective gloves
A: B: c: D265
11-900 80-813 97-100 | S13SXPU
Off-axial angle (°) ou (MPa)
0 5.05 15.03 7.22 12.64
90 7.5 14.87 7 23.05_
S (MPa)
45 | 66 | 923 | 703 | 104
E (MPa)
0, 45 and 90 6.4 6.1 5.47 6.06
269

The experimental results for the four protective gloves given in Table 2 and Figure 6 reveal

that there appears to be no correlation between Grotar and ou, S or E. For example, the
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292

gloves with high Grotar did not necessarily perform well in terms of uniaxial tensile
properties. Hence, the uniaxial tensile test results in the three off-axial directions cannot
predict the puncture-cutting behaviors of soft-coated fabrics. However, developing a
relationship between these uniaxial tensile properties may predict the behavior of material
during pointed-blade insertion, as has been done in the case of woven fabric subjected to
complex loading [2].

Poisson’s ratio is one of the fundamental properties of all structural materials, such as soft-
coated fabrics. For that reason, we used it to predict the biaxial tensile properties and then
puncture-cutting behaviors of soft-coated fabrics. The average values of Poisson’s ratio
were obtained for the three off-axial directions (three replicates each) at various stages of
specimen deformation, illustrated in Figure 7. At the beginning of the uniaxial tensile test,
more axial than lateral extension of the specimen is observed, due to the hyperelastic
behavior of the coating material (Figure 7). The increase in the specimen’s axial extension
leads to a gradual increase in Poisson’s ratio until maximum values are reached at an
extension of around 100%. At that point, the coated fabrics show maximum lateral strain:
the contraction of the specimen seems stable, while its extension progresses. Consequently,
the Poisson’s ratio value decreases. As shown in Figure 7, the Poisson’s ratio-strain curve
shows a similar tendency in the three off-axial directions tested for all four protective
gloves. The maximum Poisson’s ratio values presented in Table 3 were used as described
in section 5.4 to predict the critical puncture-cutting force of soft-coated fabrics, as required

in Eq. (8).
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Figure 7. Typical curves of Poisson’s ratio vs. strain obtained in three off-axial directions,

0°, 45° and 90°, for (a) HyFlex® 11-900, (b) 80-813 PowerFlex, (c) ActivArmr® 97-100

and (d) Superior Glove S13SXPU.

Table 3. Maximum Poisson’s ratio values for four protective gloves obtained in three off-

axial directions.

Protective gloves

A: B: c: D:
11-900 80-813 97-100 | S13SXPU
Off-axial angle (°) Vmax
0 0.68 0.84 0.42 0.57
45 0.84 0.84 0.8 0.69
90 0.58 0.98 0.97 1.01

The biaxial tensile strengths of soft-coated knitted fabric in the wale direction (o1,

corresponding to 90°) and course direction (o2, corresponding to 0°) were predicted by
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312

313

314

315

316

317

means of the uniaxial tensile strength using equations proposed by Ambroziak [23] for

coated woven fabric:

F (¢
1= M(é‘l +Vy.E5) (15)
1-v,vy
F (e
O, = M(‘gz +Vip.61) (16)
1-v,vy

where F1 (1) and F2 (e2) are respectively the wale and course longitudinal stiffnesses
estimated on the basis of the uniaxial tensile test, and vi2 and v»1 are the Poisson’s ratios.

Using the results of Poisson’s ratio illustrated in Table 3, Egs. (15) and (16) allow us to
plot typical strain-stress curves for those two directions (Figure 8), as detailed in [23]. The
maximum values of the predicted biaxial tensile stress corresponding to the moment of a
specimen’s failure are collected in Table 4. As shown in Figure 8, no similarity is observed
between the uniaxial data and predicted biaxial results. The predicted biaxial results were

used as described in section 5.5 to develop a new fracture criterion.

40 1 (a) - - - - Experimental 25 1 (p) - - - - Experimental
data-uniaxial data-uniaxial
T 30 - stress at 90° __ 20 stress at 0°
o ——— Ambroziak = )
= model-Biaxial | | = 15 Ambroziak
2 201 stress at 90° 2 10 model-Biaxial
= A @ stress at 0
5 10 h I,/l % 5
0 -".// 0
0O 05 1
Strain (%) Strain (%)

Figure 8. Typical predicted curves of stress vs strain of biaxial tensile test corresponding

to (a) wale direction (90°) and (b) course direction (0°) obtained for PowerFlex 80-813.

@ 19

Dépdt institutionnel



318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

Table 4. Values of biaxial tensile strength stress of four protective gloves obtained at two

off-axial directions.

Protective gloves
A: B: C: D:
11-900 80-813 97-100 S13SXPU
Off-axial angle (°) Biaxial tensile strength (MPa)
0 6.31 22.22 8.5 16.53
90 15.3 36.85 15.59 29.4

4.4. Force-based approach

In this section, we examine the two analytical models of critical puncture-cutting force,
which were developed for soft elastomeric membranes and based on energetic analysis
(Eq. (9)) [10] and stress analysis (Eg. (8)) [14]. In Egs. (8) and (9), Fpic depends not only
on total energy (Figure 6), Poisson’s ratio (Table 3) and Young’s modulus (Table 2), but
also on fracture energy, Gc, (fracture toughness) and the three fitting parameters. As
mentioned in section 5.2, it is assumed that the contribution of the fabric structure during
the puncture-cutting test is negligible due to the blade’s acute tip. Therefore, Gc can be
estimated to be about 40% of Grotal, as it is the case for soft elastomeric materials reported
by Triki et al. [11]. The same values of the fitting parameters (c;= 0.055, ¢ = 0.55 and
cm = 0.8) estimated for puncture cutting of soft elastomeric membrane were then used for
soft-coated fabrics.

Figure 9 provides a graphical representation of the variation in critical puncture-cutting
force as a function of cutting-edge angle, which was obtained from experimental data, and
our two analytical models of the stress-based approach (Eg. (8)) and energy-based
approach (Eqg. (9)). Our results indicate that the two proposed models are good predictors

of the puncture-cutting resistance of soft-coated fabrics by pointed blades.
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Figure 9. Comparison of predicted data (Egs. (8) and (9)) and experimental data for four
protective gloves, (a) HyFlex® 11-900, (b) 80-813 PowerFlex, (c) ActivArmr® 97-100, and

(d) Superior Glove S13SXPU.

The decrease in critical puncture-cutting forces (Fp/c) with cutting-edge angle («), seen in
Figure 9, can be explained by studying how Fp and Fc values change with «. The influence
of o can be clearly seen in the force profiles shown in Figure 10. For the four protective
gloves of various thicknesses, the predicted profiles of the pushing force component
(Eq. (1)) and shear force component (Eg. (2)) show the same characteristic behavior with
the change in the cutting-edge angle. Our results show that pushing force decreases with
cutting-edge angle, while shear force increases until it reaches a maximum (when a = 45°)
and then decreases. Although this shear force profile was unexpected, it is consistent with

experimental data obtained by slicing soft gel by a wire [13].

@ 21

Dépdt institutionnel



351

352
353

354

355

356

357

358

359

360

361

362

363

364

7 (a) Glove A 7 (b) Glove B

6 % ) 6
> 5+ 9, ® Pushing __5+te e Pushing
= . force Z 4 % force
§ 3 .ﬁ = Shear force 3 3 m Shear force
E 21+ % w s 2

1 +m N 1

0 0

0 30 60 90 0 30 60 90
Cutting-edge angle (°) Cutting-edge angle (°)

6 (c) Glove C 4 (d) Glove D

5 +° . ® .
— % @ Pushing =~ 3+ ° e Pushing
\Z_/ 4 [} force é [} force
® 3 ® Shear force & 2 0_. ® Shear force
) o
LL LL

1

0

0 30 60 90 0 30 60 90
Cutting-edge angle (°) Cutting-edge angle (°)

Figure 10. Typical curves of predicted pushing force (Fp) and shear force (Fc) as a function
of cutting-edge angle for (a) HyFlex® 11-900, (b) 80-813 PowerFlex, (c) ActivArmr® 97-

100 and (d) Superior Glove S13SXPU.

4.5. New stress-based failure criterion

In this section, we propose a linear stress-based criterion for pointed-blade insertion into
soft-coated fabrics using the analysis developed for soft elastomeric membranes detailed
in [14]. The compressive stress (o) and shear stress (z) acting at the cut edge of the material
were calculated from Fp and Fs, respectively. As they established a linear relationship
between o and z, Triki and Gauvin proposed a linear strength criterion for insertion of
pointed blades into soft elastomeric membranes [14]. The blade’s acute tip has a low
coefficient of friction (u << 1), so the effect of the fabric structure can be neglected in the

puncture-cutting process. We therefore took our solution of the contact surface developed
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for pointed blades and elastomeric membranes and applied it here to soft-coated fabrics. In

[14], we estimated the contact surface corresponding to the pushing force components as
|f)fushing — Kt m+1 (17)

where K and m are constants to be determined, and t is the maximum deflection of the
material by a pointed blade. The two parameters, K and m, were determined in the extreme

puncture-cutting cases: o — 0 (r — 0) and a — 90 (¢ — 0) [14].

shear

The effective shear contact area, Ay, , corresponding to the shear force was estimated in

[14] as

shear _ te (18)
tan o

where e is the contact width between the material and cutting edge, estimated using digital
photo analysis. We applied a thin white layer of paint to the upper face of the specimen
and waited for 5 to 10 minutes until the test surface was dry. After the pointed-blade had
been inserted and retracted, a digital photo that included the fracture process zone was then

recorded and analyzed in ImageJ in order to estimate the contact width, e (Figure 11).

Figure 11. Digital photo of punctured specimen showing fracture process zone.
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After calculating the contact areas from Eq. (17) and Eq. (18) and considering the pushing
force and shear force, the compressive stress (o) and shear stress () components were
calculated. Figure 12 shows the variation of ¢ and 7 as a function of a. Interestingly, when
a is small, the failure of the membrane is dominated by compressive stress, while at high
a values, shear stress dominates; in other words, = becomes maximum (Figure 12a). The
results illustrate that puncture cutting of soft-coated fabrics involves a pushing/shear-
dependent loading that indicates mixed failure modes [14]. The synergistic variation
between the compressive stress component and shear stress component, at 0° < o < 90°,

allows a linear relationship, o-7 (Figure 12b).

3 L(a) 16 1 (b
30 a Compressive stress T 14 L\‘
T 251 = S 12t
S 20 - [ ~ 10 4 T
= = Shear stress A g - NI
8 15 T 8 6 .\\\
7)) [ ] oo “‘7',) N ] \\\
g 10 | o s 4 e
h 5 - R Q2 SRR
0 o O o . T -.. 2 0 T T T T \!
0 30 60 90 0 5 10 15 20 25
Cutting-edge angle (°) Compressive stress (MPa)

Figure 12. (a) Typical curve of applied stresses vs. cutting-edge angle and (b) typical curve
of relationship between compressive stress component and shear stress component for soft-

coated fabrics.

Due to the linearity between ¢ and z discussed above, the linear strength criterion used in
combined loading of soft elastomeric membranes [14] and composite materials [24,25] can
be adopted here. Since the behavior of soft-coated fabrics is anisotropic, the linear strength

criterion, o-, is modified in order to take into account the material strengths corresponding
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400 tothe wale direction (y = 90°), course direction (w = 0°) and shear direction (y = 45°). The

401  new linear relationship is therefore described as

402 é+ =1 (19)

403 where X, Y and S are the material strengths corresponding to the course, wale and shear

404  directions, respectively.

405 By predicting X and Y (Table 4) and measuring S (Table 2), it is possible to plot the
406  predicted shear stress as a function of compressive stress (Figure 13). As shown in
407  Figure 13, the proposed criterion describes well the fracture behavior generated in

408 combined loading of compressive and shear stresses that occurs at various cutting-edge

409  angles.
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Figure 13. Comparison between experimental data and prediction data from linear strength
criterion of (a) HyFlex® 11-900, (b) 80-813 PowerFlex, (c) ActivArmr® 97-100 and

(d) Superior Glove S13SXPU.

5. Conclusions

Experimental and modeling investigations were conducted with a view to proposing a
stress-based criterion for the puncture cutting of soft-coated fabric by a pointed blade. We
focused on the mechanisms and mechanics of the puncture-cutting process. The
experimental results show that the process of inserting a pointed blade into a soft-coated
fabric involves the material’s stiffness and toughness, as well as the friction between
pointed blade and material. However, due to its structural design, the fabric support on the
back of the specimen does not make any contribution during the insertion process. We also
found that the puncture-cutting process generates a high local material deformation, which
involves the mechanical properties in the three off-axial directions: wale, course and shear.
Thus, modeling of the stress field in pointed-blade insertion into soft-coated fabrics should
take into account those properties, and particularly biaxial tensile strength. For that reason,
uniaxial tensile strength, Poisson’s ratio, Young’s modulus and material deformation were
measured to predict the biaxial strengths in the course and wale directions. Two analytical
models of energy and critical force corresponding to puncture cutting of soft elastomeric
membranes were used successfully to develop a new stress-based criterion for puncture-
cutting resistance of soft-coated fabrics. In the analytical model, the critical force (Fprc) is
generated by two force components: pushing and shear. From these two forces, the
compressive stress component (o) and shear stress component (z) are calculated using

analytical and experimental results involving the contact surface between the material and
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the pointed blade. Because there is a linear relationship between ¢ and z, a modified linear
strength criterion was derived from the stress criterion that had been developed for soft
elastomeric materials. The predicted and experimental values were consistent, suggesting
that puncture-cut resistance of protective materials can be evaluated by measuring the
stresses. The results also showed that the biaxial strengths, which involve the deformation

and rigidity of the material, have an important effect on the puncture-cutting process.
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